In a congested city with air pollution like Bangkok, there are gains to analyzing and addressing them in coordination. Higher speed, tremendously valuable in itself for firms and households, also reduce the costs of air quality improvements. 
Introduction
With transport in general, and not the least in a city like Bangkok, there are numerous externalities, meaning consequences of the individual choice that are in the outset not priced or under priced and thus lead to problems and waste unless institutions and government policies are directed to address the issues.
The issues of air pollution, caused in part by emissions from vehicle tailpipes of compounds such as particulates (small dust particles), the precursors of ozone (NOx and NMHC 1 This report is written in response to a request to advice on strategies to reduce air pollution emissions from transport in Bangkok, and on the analytical tools employed.
), can for instance be addressed by legislation and enforcement of emission standards (grams of NOX per mile allowed, say) in combination with gasoline taxes that discourage driving according to the damages from remaining emissions. (March, 2007) , an ambitious and advanced approach to ranking policy options.
The tools are geared towards air pollution control specifically, with solid components in all the required areas: from health effects, exposure and dispersion, inventory and emission testing, one approaches prioritization of strategies in a very methodical way. In our comment, we admit we are unlikely to improve on these tools on their own terms, but we are motivated by two observations. The first is the one we address most directly: Since the transportation system serves many purposes, not only cleaning the air but also providing mobility, we want to check how important it is to examine the provision of two services jointly: mobility and air pollution reductions. Our motivation is in part that Bangkok has long been famous for its congestion. Ordinary people and economists often find the resource costs of wasting time in traffic annoying at the same or higher level as are the resource costs of air pollution. Thus, we try to supplement the efforts in ranking ways to make vehicles and fuels less polluting with an effort to combine such a ranking with the challenge of getting more mobility and air quality out of the Bangkok transport system. Perhaps of surprise to nobody, we find that congestion management, apart from harvesting some obvious welfare improvements through time savings, provides additional gains in terms of making air quality improvements cheaper.
There are, roughly, three sources of the gains in terms of air quality from congestion management (and, more broadly, from congestion improvements). First, if congestion management means fewer vehicle kilometers but at higher speeds, then there are generally air quality improvements related to the reduction in vehicle kilometers. Second, and to many less obviously so, for emissions such as PM, NOx and CO2, there are at moderate speeds emission reductions per vehicle kilometer associated with higher speeds (and this occurs without assuming that lower speeds are associated with more stops and more acceleration). Thirdly, for the class of vehicles that at higher speeds can do the same work with fewer vehicles (professional vehicles, such as buses, taxis, trucks), the economics of lower-emission technologies improve when each vehicle does more vehicle kilometers, simply because the costlier machine is utilized more heavily.
It is important to notice that these gains in pollution management -true gains as they are -generally relate to congestion management and speed improvements, but that the emphasis is on management. This qualification derives from the obvious rebound effect: It will generally be the case that with improved speeds, there is increased driving (or transport). In the case of congestion management (gasoline taxes, congestion charges) however, we include in our calculations the rebound effect, so if our model quantifies a reduction in trips of 5 percent, then this is including and after a response in which people have taken the new speeds into account and adjusted their travel accordingly. For congestion management, the rebound is never more than partial, since if people expand their travel in response to speed improvement, then the rebound cannot really consume the whole speed improvement if there has not been road capacity added.
Nevertheless, and importantly so, it is of course the case that if more roads are built and speeds improve, the total traffic increases and emissions of pollutants may increase. They may also fall, for the reasons cited above. Irrespective of whether emissions increase, there are or should be welfare gains associated with the mobility increases, since congestion management allows such speed improvements to be associated with an optimal increase in travel. Thirdly, and perhaps equally important, even if there is more travel, at higher speeds the economics of pollution control will to some extent have been improved.
The rest of the section is organized as follows. Section II describes the challenges and illustrates the problem in simple framework. Section III reviews the literature and provides a framework for quantitative simulation. In the next section, the effects of demand management instruments we investigated and the final section concludes the report.
Challenges and Simple illustration of the Mechanisms
One could indeed characterize 'The transportation system' in a megacity like Bangkok as chaotic, dysfunctional and unmanaged, but this would be a mistake. If one were to do so, one would emphasize that it has no single boss or single office responsible for planning and resource allocation, that those who 'manage' the 'system' have limited powers, and that even fire trucks may find themselves trapped for the most trivial of reasons. But cities everywhere are as influenced by opportunism and market forces as they are by planners and forceful public decision making bodies. And cities everywhere are congested and polluted. And cities everywhere get people to work and back everyday, even if planners and mayors have little clue what it involves except when they are charged with expanding a road or raising bus fares.
It is probably true that Bangkok does have fairly tall management challenges. Over time, the Thai economy has been expanding and economic activities around the Bangkok Metropolitan area have been booming providing better opportunity for growing proportion of the population. Growing income has been an important impetus behind increasing mobility in many cities. On the other hand, in Bangkok, like many cities in developing countries, it takes very long period to expand transport infrastructures and growing income does put additional pressure on the existing and already fully used roads.
In addition to the economic boom, population growth has been and will also be additional challenge on the transportation system. Bangkok has a population of 6.5 million, a population growth rate of approximately 6% between 2003 and 2007 3 3 Asian Development Bank (2005) . Projections indicate that the size of population in Bangkok Metropolitan area will grow by 9% in 2012 from 2007 attracting residents from other regions and rural areas. The booming economy in Bangkok has acted as a magnet for people from other corners of the country to the city raising the density of population.
The consequences of mechanisms can be observed by changes in fleets in Bangkok area for a decade. It had an estimated 2.9 million motor vehicles in 2003, with an average growth rate of 5.5% (Diesel, 2007) , and average speeds of 15 (morning) and 22 (afternoon) rush hour. For instance, the table below indicates that the volume of cars has increased by 5.5 % annually for the decade between 1994 and 2003. The consequence of such growth is that the volume of cars in the city doubles every 12.5 years, putting great pressure on road capacity. More drastic is that of urban taxi. If it continues to grow with the past rate, its volume will triple every 7 and half years. The challenge ahead for Bangkok is how to maintain quality mobility and reduce air pollution with such fast expanding volume of cars and taxis in a fixed or very slowly growing road capacity. Source: Asian Development Bank (2005) About half of these vehicles are cars and pickups, probably a high figure in Asia for Thailand's income level. Some parts of these management challenges, of course, are caused outside 'management's control', at least outside current management's control.
As an illustration of this, the figure below has placed Bangkok's population density with those of other cities, based on a carefully developed data set (Bertaud, 2003) . The figure shows that Bangkok has a low density for its income level. Space being a normal good in the sense that people tend to want both larger dwellings and more space between dwellings when they can afford it, Bangkok defies the expected pattern that it 'should' be more densely populated than cities such as London, Mexico City and Stockholm. Stylized patterns in such data additionally are that old cities are dense and Asian cities are dense, neither of which help explain why Bangkok extends over such a large area.
Expansive, nondense cities tend to generate greater transportation demand, so that everything else equal, this would imply that a city like Bangkok would need to spend more resources (and a greater share of its land area) on transportation infrastructure than would other cities (if interpreted in line of implied causality). In addition, it is generally costlier in a nondense city to support a given share of transport work for public transport (simply because any line and any frequency must live with a tradeoff between access costs and scale economy). In consequence, for a given level of mobility in a nondense city like Bangkok, one should expect a higher rate of car ownership and use than in a city that is at the same income level but with higher density.
[ Figure I Here] All that this means is that managing externalities in a city like Bangkok is rather challenging, and will require effort, time, and vision more than many other places. It also means that one should include the perspective of the very long run, when even 'heavy variables' such as density and urban development patterns are influenced. It is probably the case, however, that if wide and open roads with low gasoline taxes and road user charges can serve as a subsidy to non-density, then roads that are heavily congested serve as a tax on land use and on transportation intensive modes of production and living. In other words, it is possible that not charging sufficiently for road services in a city like Bangkok has acted as a subsidy not only to car use but also to land use. If so, the effect of the latter subsidy has its limits if the long term picture has also been ruled by heavy congestion.
In the tables below, we have drawn out some figures, and made some further calculations related to the line of reasoning in this report. In the first panel, we report emission factors from Guttikunda et al (Diesel team), 2007. These figures are the result of the local emission testing programs, and tell us that in terms of PM (particulate matter, or dust: probably the local air pollutant of greatest importance to health), on a per vehicle kilometer basis, there are 170 micrograms from cars (light duty vehicles, LDV), and 1494 micrograms per vehicle kilometer for heavy duty buses (HD bus). For CO2, not a local air pollutant but the main contributor to global warming, it is also the case that a vehicle kilometer by a heavy bus emits much more than a car, but the difference is not so large as for PM. We then bring into the picture that buses on average take 30 payload persons, while cars take on average two. Dividing emission factors by these figures to arrive at emissions per passenger kilometer, we find that for both these types of emissions, the average bus is much less polluting than the average car.
In the second panel of the table, we have taken the data on congestion factors. A bus is estimated to demand 3 times as much road space in the sense of congestion as does a car, so a bus is reported as representing three personal car units (PCU). Again dividing these numbers by the average numbers of payload person on board, we find that the bus on a per passenger kilometer basis is only a fith as congesting as is a car. Thus, if considering either from an emission control perspective, local or global, or from a congestion management perspective, heavy buses should be favored by policies taking these data into account. The main question we ask and focus on in the rest of the report is:
How can the urban transport system in Bangkok be improved in providing greater mobility for firms and households while polluting less?
As it happens, asking this question plants seeds of change in many ways for a pollution control programming. A few illustrations of this are as follows:
• Mobility objectives are important in the sense that they can release great funds, and powerful political forces (road construction, toll rings, gasoline taxes) • Mobility improvements can improve air quality directly, as speed and flow will often bring down emissions per vehicle mile • Mobility improvements can improve the economics of air pollution, first and foremost because vehicles that are modern, clean and efficient become more affordable and more efficient when they can move more speedily.
In this report, we develop these points further. The obvious starting point is the observation that congestion at speeds of 15 km/hour is extremely costly in terms of wasting time. Methodologically, congestion is an externality just as is emissions, and efficiency gains are harvested if vehicle use is discouraged, for instance by gasoline taxes or by toll rings that can charge more for driving when road space is scarce.
We proceed by developing a model suited to analyze the Bangkok context, allowing for alternative assumptions. Using directly the data provided on the differences in pollution and congestion caused by a passenger kilometer by bus and by car, we ask what difference it makes to use tax instruments to manage the total demand for transportation services and its distribution between car and bus.
It is worth emphasizing that our model is stylized and simplistic, and that there are ways of improving it, including ways that would give it a more definite Bangkok content. But our model likely also has its strength in its simplicity, and it can be used alongside with models with greater Bangkok detail. We believe it is suited to put on the table whether it is not time to place demand management in transport on the agenda when developing air quality programs for urban transport. The model develops some theoretical results, and it shows beyond sensitivity analysis that if you are able to influence speeds it changes in important ways the economics of your air quality programs. By how much depends on how congested a city is, on the costs of time to citizens and firms, and on the price elasticities in demand between bus and car and between transports in general and other goods and services.
In this report we first resort to an analytical framework that is useful to understand the problem in detail and provide clues to the solutions. The report uses the metaphor from DPSIR (drivers, pressures, status, impacts, and responses) approach which analyses environmental problems from their source through their impacts and ultimate societal response towards them. Then, by going further, an economic model is presented so as to understand the determinants of optimal taxes.
Illustrative Example from DPSIR
To make the point simple, we initially draw some inspiration from the DPSIR framework, which is typically used to analyse environmental problems from their cause (drivers, in physical terms, as opposed to in policy terms, or weaknesses in institutions) via pressures and environmental impacts, to society's response.
The table below draws up the main lines from transport and mobility to a number of policy areas calling for public/government involvement. The table first draws attention to how the field of transport and mobility is special in demanding an interdisciplinary analysis both in institutional approach and in investment and operation. One reason can be taken from the simple positive observation of heavy government involvement and the use of government authority, illustrated by the use (and need for) of expropriation in the infrastructure investments, by the presence of police on the road, and by the use of tax, subsidy and regulatory tools in operation.
At a more basic level, mobility and transport is associated with impacts that are rarely 'fully priced', or externalities: Greenhouse gas emissions, energy security implications, accidents, air pollution, noise and congestion. It goes without saying, for instance, that technological change can be stimulated by high present and expected emission taxes in combination with intellectual property rights and public funds for basic research, but that technology standards can be useful in stimulating new technologies if the emission taxes are constrained at too low levels.
The transport sector thus involves certain social management challenges that are not necessarily resolved by the market alone. By and large, these may be described as public goods, and we shall here think of a list for illustration 4 Drivers:
. The level or intensity of these challenges can be denoted status in the DPSIR framework (first column). We focus here on Energy security, Climate Change (or greenhouse gas emissions), Air Quality, Accidents, Congestion, and Noise Pollution.
Our focus will be on policy instruments or society's response the two right hand columns. We devote attention not only to policy instruments, but also to the institutional machinery: authority, level and the balance of interests in decision making. The most important part of this, perhaps, is the possibility that society may have difficulty implementing policy strategies that are considered first best. As an example of this, an optimal societal response to a long term problem such as energy insecurity and greenhouse gas emissions may be a path of increasing taxes on energy use and emissions. To work its magic, such a path of increasing tax rates on fuels and emissions must be expected in advance to give incentives for technological investments. But to create such expectations may be beyond the powers of a present government, since it may be optimal for government in succeeding periods to renege on such promised taxes even if the promises were originally believed and successful in stimulating technological innovation (Montgomery and Smith, 2005) .
The driving forces of transport and transport externalities are ultimately economic activity: in part transport is an input into production and thus a use of income: personal, national. But glancing forward to the Pressures, States, Impacts, and Responses we have to note that determinants of those pressures and impacts first require a further disaggregation of the transport good: passenger kilometers have different impacts by bus than by car (we may thus distinguish by transport mode: air, car, bus, rail, ship, non-motorized). Second, pressure, status and impacts will depend on local conditions: The pressures from increased driving on air pollution are greater if occurring in a polluted and heavily populated area downtown than in a rural area, for instance. Third, pressures on air quality depend on the quality characteristics of vehicle stocks (emission standards, for instance) and fuels. Fourth, there will always be underlying determinants that may be considered exogenously given in one setting, but a matter of strategic choice in other settings, as for instance residential settlement patterns and even urban shape and density 5 Society's response involves those policy instruments most directly and explicitly linked to drivers, but it will be a matter of practical judgment whether one includes broad policy instruments such as for instance fuel taxes .
From these parameters of drivers in the physical sense we pass to drivers at the deeper level, and at the level of direct or explicit policy instruments. At this point, there is a nuanced transition between drivers and society's response (see table 4), since responses of course are directed at the causes of energy consumption, of GHG emissions, of air pollutant emissions, and so on. In the example of air pollution, apart from the determinants of traffic by various modes, emissions are directly and largely influenced by policy instruments such as emission standards and fuel economy standards for cars and fuels, as well as their enforcement.
Society's response:
6 . As an example, there is little dispute that fuel taxes are instruments that will work almost in exactly the same way for transport related challenges of noise and air pollution (through reduced driving) as they will with greenhouse gas emissions. But it is for greenhouse gas (GHG) emissions that fuel taxes are most important, because GHG emissions are strongly linked to fuel consumption, while for the other policy challenges there is a greater chance to influence the problem with more narrowly directed instruments (such as standards for emissions, and for noise, for safety, and so on) 7 . . This analysis first and foremost involves a clarification of how levels of government and their institutions relate to the problem in question. It is important, for instance, for a policy challenge such as climate change, to examine channels for international negotiations as well as treaties in place (as in Barrett, 2003) . In contrast, for a local air quality problem it is important what authority local governments have in the context of national government institutions, and whether decisions taken at a national level are conducive both to solving the problems directly and to sensible decision making at the local level. Source: Rèmy Prud`homme, working document, 22/11-02,
Implications:
A likely effect of applying this broader framework is a greater emphasis on interdisciplinary analysis. Another likely effect is a greater emphasis on the institutional level and the channels for decision making. As an example, if we compare air quality control policies in the US with those in Europe, it is clear that European policies combine a pressure to make cars and fuels cleaner with policies that increase the private costs of car use (fuel taxes, public transport subsidies), while US policies focus almost solely on making cars and fuels cleaner, thus attaining air quality goals at a higher welfare cost (Eskeland and Feyzioglu, 1997, Eskeland and Devarajan, 1996; Fang, Fullerton and Gan, 2005) . Certainly, the question of this difference between US and Europe asks for analysis of politics and institutions, more than the analysis of policy norms. Thus, the framework likely will result in the analysis on policy instruments and recommendations into analysis of institutions for decision making, as well as the forces and interests that are represented.
Another likely effect is greater emphasis on studies that combine the various policy challenges and coordinate the approach to these, perhaps across countries. Examining table 4, for instance, it is clear that cars which are less polluting, safer, less noisy and more fuel efficient or in other ways leaner in terms of greenhouse gas emissions will serve well in many markets, many contexts. But to the extent that wide ranging strategic choices are involved, it may be too simplistic to assume that each of these desirable dimensions can be stimulated nicely and neutrally by instruments associated with each particular individual public good. Apart from coordination across 'environmental problems' it is also possible that coordination across countries will emerge. Presently, global coordination on technology (emission standards, for instance) is being proposed in its most obvious area, the area of global climate change (an example is Barrett, 2003, though he is doubtful technology cooperation reachers further than does binding emission treaties). Features reducing vehicular emissions of traditional (local and regional) air pollutants and precursors (small particles, NOx, SOx, volatile organic compounds, lead) have of course been developed for markets greater than individual countries in mind, though 'small' jurisdictions have at times taken the lead and pushed technology with success. But even for these, though the pollution problems mostly are contained within an urban area or within a country, and thus vary by status and priority, it is plausible that progress could be made more effective if standards or other types of goals were set in coordination across countries, perhaps far in advance 9
We shall apply a similar argument, but will emphasize other aspects. We shall note, for instance, that even in the case CO2 emission reductions (and other greenhouse gas emission reductions), where a tradable permit scheme or taxes are so obvious based on basic principles of welfare economics, their use fall short on several grounds. First, if it is politically infeasible (for reasons of income distribution, of national sovereignty, of the development prerogative) to let large emitting sources face the full costs of carbon taxes or fully priced permits, then alternative and supplementary policy instruments must be assessed (technology agreements including standard can be one of them). Hammar et al., 2004 , for instance, demonstrate that countries with greater gasoline/car dependency have greater difficulty
. This would obviously pose new challenges in terms of decision making at a trans-national level, but it is likely that even very slight coordination (say: indicative target dates for achievement of some vehicle characteristics) would make a difference. Thus, another likely effect of applying the broader framework is greater coordination, across environmental problems across countries.
Finally, a likely effect of applying the broader framework of is an approach that emphasizes political and administrative feasibility, perhaps with the consequence of less reliance on market based policy instruments (i.e. taxes and tradable permits).
The implication of lower reliance on market based instruments is pursued by Prud'homme in his treatment of transport related issues, claiming that the 'price the externalities' recommendation fails or is besides the point for transportation. Table 2 synthesizes his critique of the EU's stated policy to make marginal social cost pricing (MSCP) the basis for transport policy in Europe. He points at that MSCP is only one of several desirable principles, and typically not the most efficient for the transportation sector, at least not applied alone. As examples, he points out that pollution problems associated with transport are in rapid decline in developed parts of the world without any reliance on MSCP, and only for CO2 emissions is MSCP feasible and perhaps efficient: for congestion, accidents and air pollution, it is neither feasible nor efficient. politically in raising gasoline taxes. This has the implication that a combination of fuel efficiency standards and other instruments -such as fuel taxes -can have a greater potential of reducing energy consumption over time than would fuel taxes alone.
Second, an important challenge of the climate policy regime is to change expectations about the future costs of emitting greenhouse gases, so as to allow investments in future emission reductions, for instance in new energy technology. If the traditionally recommended instruments of tradable permits or taxes are found too weak in terms of changing expectations, then technology standards, research and development programs and other supplementary policy instruments may be assessed in terms of whether they can increase the credibility of a societal signal about fossil fuel use.
As we shall be well aware when keeping in mind the example of sustainable mobility and transport, social management objectives are many, they interfere with each other, and feasible strategies should look far back into history and far ahead in terms of vision. This calls for pragmatic and interdisciplinary approaches.
Pollution related and other external effects from driving
An important implication of the previous perspectives is whether and how it makes sense to examine (and, with policies, address) externalities from driving one at a time, or with a more integrated approach. In terms of textbook policy analysis, it is fairly easy to justify addressing one problem at a time, and also to use exactly one instrument per problem. But two important caveats apply.
Firstly, economic theory is clear to recommend that 'if other problems are not fixed', then the usual policy recommendations must be adjusted accordingly. As an example, if 'cleaner cars and fuels' are driven by policy instruments such emission taxes (a theoretical construct, really), which also optimally discourage driving, then no 'pollution externality' need to be incorporated in the gasoline tax. But if 'cleaner cars and fuels' are driven by policy instruments such as emission standards (the typical real world case), then the marginal costs of driving are not affected, and a gasoline tax should incorporate the discouragement to driving that is justified by the damages related to the resulting emission taxes (Eskeland, 1994) . Of course, if instruments such as gasoline taxes and toll roads are used to discourage driving as justified by air quality objective, they will work strongly in parallel with instruments for other externalities related to driving or gasoline use, such as energy security, greenhouse gas emission reductions, or demand management for congestion reduction.
Secondly, if for the sake of correcting externalities one does not have perfect policy instruments, then one will use combinations of instruments, and the individual instruments will then likely take on several functions. As an example of great relevance in the current case, emission control will likely involve instruments that make vehicles and fuels cleaner as well as more energy and carbon efficient. But to manage demand -in part but not limited to curtail the rebound effect -they will be complemented with demand management instruments such as gasoline taxes and toll ring charges. The toll ring charges, together with policies to promote public transport, give a welcome chance to geographically differentiate demand management, so that car driving can be discouraged more in dense urban areas where pollution is high and public transport is an alternative than in other areas. Simultaneously, instruments such as the toll ring charges give a welcome opportunity for geographical differentiation in strategies to manage congestion, and congestion management will also call for a 'time of day' differentiation to discourage driving more in rush-hour, when 'road space' is very valuable to some, less essential to others 10 10 Toll rings have been used with some success for many years in cities of Norway, and in Singapore, but with limited 'time-of-day' variation. Congestion charges have been introduced as a success both in traffic management and politically in London, and Stockholm: in Stockholm as a trial period that seems to become permanent Leape (2006) . . The table below summarizes some of the studies of externalities from transport, distinguishing the externalities related to fuel use from those related to miles travelled. It appears that two important categories of externalities related to miles driven, accidents and congestion, often are far greater than the other externalities. Together with the observation that fuel efficiency standards result in a rebound in terms of travel, this is of course a strong argument against raising fuel efficiency standards, at least if not jointly raising fuel taxes (see Eskeland, 2007 , on this issue). * Measured in Cents per mile. **Measured in Øre per kilometer ***Congestion and accident externalities are categorized as VKM related, while energy security, greenhouse gas emissions, and air quality is categorized ad fuel consumption related Across the studies reported here, there are important differences in terms of the externalities included, but congestion and accident often are of the same order of magnitude (if both are included), and each is greater than air quality benefits (which are typically included).
The table amply illustrates that pollution and other fuel consumption related externalities need to be managed together with other externalities that are at least as important (and quite typically much more important, on a per vehicle mile basis), particularly for those policy instruments that relate to demand management.
More specifically on the relationship between congestion and emission controls
For two externalities, however, congestion, and emissions (whether regarding carbon dioxide, for greenhouse gas reductions, or PM10, for local air quality), there are reasons for integration additional to those relating to their joint proportionality to trip generation. As we shall show in the following, for both local air quality and for greenhouse gas emissions, there are sizeable reductions in emissions on a per vehicle kilometer basis, if congestion can be reduced so as to raise speeds.
To put this in simple terms, it is obvious that people benefit with time savings if congestion is reduced. Indeed, the value of time savings is important in justifying most transportation infrastructure investments, and they have been forcefully emphasized in the context of road investments in Bangkok (ADB, 2005) . What is not so obvious, but is clear when one applies the economic textbook concept of externalities, is that there are welfare gains to the population if instruments such as gasoline taxes and congestion charges can be used to reduce congestion. Finally, what has yet to be emphasized in the policy literature, highlighted here, is that emissions per mile decrease when speeds increase (quite generally at low speeds up to 45 km/h, and likely more so if one assumes that lower speeds imply stop/go traffic patterns). The following section emphasizes this link, documented with the use of data from modern buses.
The negative externalities from public transportation in Bangkok can be reduced by technological shifts and/or traffic management. In this section, we compare these options using four main cases:
i. Average speed of buses meeting the Euro I standard increases from 15 km/h to 25, 35 and 45 km/h. ii.
The same speed increase as in scenario (i) but assuming Euro III buses. iii.
A shift from Euro I to Euro II buses for different average speeds. iv.
A shift from Euro I to Euro III buses for different average speeds.
For these four main cases we estimate the emissions NOx, Particulate Matter and CO2 as well as the fuel consumption. Clearly, as can be seen in the Figures, traffic management increasing the speed of buses is important for reducing the negative externalities of public transportation. An increase of the average speed from 15 to 45 km/h (which might be unrealistic) would decrease the emissions of NOx the same amount as a shift from Euro I to Euro III buses. A standard is more important for reduction of PM. On the other hand, the Euro standards do not improve the fuel consumption (and hence neither reduce the CO2 emissions as they are directly coupled). Increased average speed is reducing the fuel consumption by up to 40 percent.
It should be noted that we not have taken into account that increased speed can result in modal shifts from private to public transportation, in particular if speeds increase more for buses. This would further increase the improvements from increased average speed. Another result that is clear from these figures is that the efficiency of raising the technical standards, as with Euro standards for buses, is higher at higher speeds on a per vehicle mile basis. Thus, on a per vehicle mile basis, better buses make less sense (it buys lower emission reductions) the lower is the average speed. This effect comes in addition to all other efficiency improvements associated with increased speeds, some of which also have a clear pollution control component. As an example, if raising bus speeds by 40 percent allows each bus to make 30 percent more trips per day, then the air quality benefits from raising standards also increase by 30 percent per bath invested. If these cost gains are combined with an assessment from above of gains of 30% on a per vehicle mile basis, then costs per unit of emission reductions have been reduced by 51% for an increase of 40% in average speeds (1-30%)*(1-30%)=49%.
Concluding this technically oriented note, we may observe that in a congested city there is a strong link between speeds and air quality, and between speeds and greenhouse gas reductions. We may answer in the affirmative that it would be strange if in an air quality assessment program one did not ask whether mobility could be improved while at the same time one could raise air quality.
Framework for Quantitative Analyses
The issues of vehicle congestion and pollution have attracted the attention of many, including best minded of economists and practitioners (a notable example being nobel-winners Vickrey and McFadden). The focus of our study, Bangkok, has had different transport models at least from 1985 onwards. In 1985, Halcrow Fox and Associates developed transportation model for Bangkok city for short term strategic review. Since only trip matrices were the input to the model, the need for new model resulted in a new model associated with the Seventh Plan Urban and Regional Transportation Study but had limited ability to accommodate the characteristics of public transport. The same year, the USAID financed the Bangkok Transportation Planning Unit and assisted the development of its transport model which has addressed the characteristics of public transport in more detail. The basic model is later extended to treat route choice, road capacity, user heterogeneity, modal choice, and congestion interactions by different modes to derive the optimal first best congestion charge. The models were also extended to examine how substitute modes' trips should be priced when the congestion externality of car/automobile is under-priced or ignored. . The basic model for understanding the effect of traffic congestion with fixed road capacity was reported by Beckmann, McGuire, and Winston (1956) , Walters (1961) , and Mohring (1976) . Each traveler having downward sloping demand decides how to travel based on private marginal cost. However, the negative externality associated with congestion raises the social marginal cost above the private one and hence, the market offers too much traffic volume than what is socially desirable. This efficiency loss give rise to the proposal of congestion charging, a pricing mechanism by which users are encouraged to economize on trips by making a transfer to the government rather than by wasting time -a resource loss to society -in traffic. A good summary of the literature on economics of congestion has been reported by Arnott (2001) .
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The analytical studies have also been accompanied by empirical studies that try to pin down the efficiency loss due to congestion. Verhoef, Rouwendal and Rietveld (1996) , and Verhoef (2005) used numerical simulations and found the efficiency difference between first best and second best congestion pricing is surprisingly small. Chia, Tsui, and Whalley (2001) simulated the efficiency loss in the absence of first best congestion taxes. On the other hand, Sherman (1971) studied the price that ensure first best outcome during peak hours and second best outcome in off-peak periods when car trips and bus trips are imperfectly substitutable. Bertrand (1977) discusses guidelines for congestion taxes and subsidization in multi-modal transportation system taking a political constraints on taxation into account. Small and Yan (1999) argued that when user heterogeneity is accounted for, the efficiency gains from the first best congestion toll are very large.
The cumulative research in congestion pricing finally succeeded in 1975 in convincing policy makers and Singapore has been the first country to implement congestion price. Hau (1990) describes the state of congestion pricing in Hong Kong between 1983 and 1989. In 2003, London has also implemented a congestion fee whose impacts are better studied than any other country. Leape (2006) reported that the congestion tax has had a significant substitution effect. One year after the congestion charge has been introduced, the proportion of private automobiles, vans, and trucks entering London city had dropped by 27%. About 50% of the consumers shifted to public transport, 10% shifted their trips to charge-free hours, and the rest shifted to taxis, bicycle, and other forms of private transport. Its effect is also reflected in average speed and time. Average speed in the charge area has increased by 17% while travel time has decreased by 30%. Flamm and Rosston (2005) reported that Norway, Netherlands, Italy, and France also have used some form of congestion pricing.
There is also a sizable research concerning the economics of vehicle emissions and optimal policy response. Vehicles are often a chief source of urban air pollution through their tailpipe emissions, which involve the release of emissions of hydro carbons, Nitrogen oxides, carbon monoxide, and carbon dioxide, and particulates (or dust particles in various size categories). Vehicles are also the source of evaporative emissions, that involve release of gas tank venting, running losses, and refueling. Such pollutants are sources of urban smog, acid rain, green house gasses, and some of them have serious health consequences 13 13 http://en.wikipedia.org/wiki/Vehicle_Emissions . Systematized economic analysis of pollution was first forwarded by Pigou.
Pigou (1932) has provided a master piece that clearly identified the need for internalizing fees in the presence of externalities, especially for pollution. Agnar Sandmo (1975) studied the revenue generation motive and corrective motive of taxation and argued that the Pigouvian element in the optimal tax remains even when distortionary effects of taxation is taken into account. Eskeland and Jimenez (1992) and Devarajan and Eskeland (1996) described policy instruments for pollution control and their effectiveness in different situation. Eskeland (1994) , with relevance for the current study, developed a formula on how optimally to seek emission reductions from cars with and optimal combination of standards that make them cleaner with taxes that discourage their use. He calculated that thee welfare cost of emission reductions in Mexico City in the absence of presumptive Pigouvian tax, amounts 24% more than when a gasoline tax is included in the policy instruments.
Apart from emissions (of air pollutants and greenhouse gases) and congestion there are typically other important negative externalities associated with transport. These would include such environmental impacts as noise, but also accidents and road damage. Studies combining the different effects have often found that the emission externalities are important but in no way predominant. Indeed, externalities related to congestion and accidents are typically found to be greater, resulting in the interesting conclusion that externalities of vehicle use are more important than those related to fuel consumption (Fischer et al, 2007) .
According to the Asian Development Bank (2005), the existing framework for Bangkok, namely Bangkok Extended City Model, is a large transportation model that simulates traffic behaviour first by generating trips and distributing them among different traffic zones, and then in each zones the trips are mapped to different modes of transport. It is depends on survey data as an input and is not based on the behaviour of individual agents who pursue their own objectives. As such it is not an economic model that is based on individual's decision and it is not an easy framework to understand the consequences of various transport demand management instruments.
In this study, we are interested in the joint occurrence of emissions and congestion. For this reason, we must look at the consequence of modal choice and travel demand on congestion and emissions, as this is relevant to Bangkok's situation.
This model attempts to show the following insights. First, the framework we offer analyzes traffic behaviour as a consequence of individual agents pursuing their objectives given constraints of time and income. To these individuals, different modes are imperfectly substitutable, and for each of them the individual's time cost is an important part of the trip's unit cost. The fact that time is valuable means that a change in taxes on fuels (and bus fares) raises the relevant trip cost for the consumer in a modest way, partly explaining a modest price sensitivity in travel behaviour. Our framework offers a simple way to to simulate the impacts of different economic instruments on traffic and air quality parameters. The unified treatment of the cost of time and the rebound effect in a model of modal choice and trip generation makes the welfare costs of congestion (and of demand management) tractable. To the best of our knowledge our treatment of the cost of time in a multimodal trip decision model is novel. Finally, we provide numerical simulations based on empiricaly chosen parameters to show the strength of the mechanisms we emphasize in the analytical model.
A Simple Model with Congestion and Air Pollution
Urban transportation is of course essential to facilitate production, consumption, exchange, raising the time spent on work, and generating intrinsic utility 14 In order to drive the travel demand functions and their determinants, we follow a static representative agent framework. This is essential, since we are not simply interested in whether the person can be 'pushed' to change her travel behaviour (from car to bus, for instance), but we need to know the welfare costs of doing so. This means we need to know how costly it is to the consumer to be bade to make a choice she otherwise would not do. In the model we draw below, the representative agent drives utility from consumption of products, leisure, and travel. Moreover, the agent chooses from two modes of transport, namely automobile and bus, which are imperfect substitutes . Indeed, if a city is a structure minimizing the costs communication and exchange, then it is hurt in its 'core competence' if marred with more than moderate congestion.
In the absence of market failures such as externalities, a standard result that markets allocate goods and services in a socially desirable way. But, in the presence of negative externalities such as accidents, congestion, air pollution and emissions of greenhouse gases, markets tend to over-supply and overuse goods and services such as motorized transportation. The policies that fix such problems often make agents taking in to account the social benefit from reduced travel directly by being confronted with taxes (hence the terms corrective, or Pigouvian taxes). To understand strategies under such mixed consequences of transport, we develop a framework that helps to pin down the optimal policy response. We compare the decision by a representative agent with that of a benevolent social planner, and allow the latter to choose policies to influence the former.
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The framework, which is used in the rest of the report individuals are at the center of decision making and choice. Individuals make two-stage decision in which they choose the optimal . The choice of one of the arguments affects the choice of the rest through competition for expenditure and provision of utility. We assume that only the consumption of travel results in externalities, namely congestion and pollution. amount of travel and other consumptions given the cost of travel, other consumptions and the total income. Once the optimal travel is chosen, in the second stage individuals choose the optimal bus trips and car trips given the unit cost of trips by alternative modes and the total travel as well as optimal leisure and other goods and services given the respective prices. The unit costs of each trip include the producer prices and the cost of time in the presence of congestion. The structure of the model is presented in the figure below. The decision with representative agent is compared with that of a benevolent social planner such that the planner takes in to account all the externalities that travel generates to the rest of agents. An optimal tax which includes both congestion and pollution externality is determined after taking into account the variations in the choice between the representative agent and the social planner. By imposing taxes on the producer prices of car trips and bus trips, we try to investigate the consequences of inter modal substitution and resulting effects on air pollution and congestion. The details of the model and necessary computations are presented in the appendix section.
By releasing PM, CO, NOx etc to the environment, consumption of trips raises the level of pollution in the ecosystem. We focus on the particulate matter as a contributor to urban air pollution, and in addition include the treatment of CO2, as a contributor to global warming. For most practical situations, a measure of the contribution from buses will be higher than that for cars when compared per vehicle kilometer. But on a passenger kilometer basis (in Bangkok, heavy buses carry on average 15 times as many persons as do cars), buses will be less polluting than cars (DIESEL, 2007; ADB, 2005) . Similarly, a bus is generally taking more road space (is more congesting) than a car, but per passenger kilometer, buses cause less congestion. Thus, from the perspectives both of air quality and greenhouse gas reduction, a person's substitution from bus to car will make a positive contribution. 16 In addition to pollution, a choice to travel has an external effect through congestion. According to the estimate made by Texas Transport Institute, the 75 largest metropolitan areas of US lost 3.6 billion vehicle hours due to congestion which resulted in additional loss of 21.6 billion litres of fuel and $67.5 billion in productivity in 2000 alone. It also reported that the yearly cost of congestion for each traveller in large (small) cities has been $1000 ($200) .
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16 See for instance Mohring(1972) and cited references 17 http://en.wikipedia.org/wiki/Traffic_congestion . In addition to the private cost, congestion also has external cost. The entry of one more vehicle into the road raises the cost of the rest drivers. For example, like the case of
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pollution, most buses involve lower congestion factor per passenger than most automobiles for the same reason.
The optimal demand for goods other than travel, leisure, bus travel, and car travel, is determined by a representative agent that maximizes her welfare without taking into account her own effect on the rest of the agents. The agent does take into account the status of pollution and congestion variables, and most importantly takes into account the time cost of travel when travelling. On the other hand, the social planner considers the welfare of all agents taking into account the impact of the consumption of each agent on the rest. To the planner, imposing costs on consumers has a cost, whether the consumer is burdened with costlier vehicle technology (through standards), through burdensome living with fewer trips, or through tax payments. Importantly, our model does not entail a financing need by the government, so taxation neither has value nor cost beyond the fact that it causes consumers to change their consumption bundle. It is the observation that a tax-induced change in the consumption bundle can enhance overall welfare which motivates and regulates the level of taxation. Our treatment of taxes is consistent with an assumption that the revenue proceeds are returned to consumers as lump sum transfers.
The Effects of Demand Management Instruments, Numerical Examples
Since managing congestion and urban pollution involves an important policy problem, one would like to see the comparative static results for different policy parameters. Our analytical tool is one that does not simply count budgetary costs to the government, or out of pocket costs for the consumer/driver/operator/owner, but takes into account the time cost and inconvenience of the consumer in changing his/her travel behavior. That being said, in the sample calculations made here, we perform sensitivity analysis with respect to the difficulty consumers have in reducing travel, and in substituting one mode for another. It is these results that are presented here.
Importantly, in addition to reducing emissions by using taxes to manage travel and modal substitution, emissions can and should be managed by technical improvements, according to the costs of making cars and fuels cleaner. Figure 6 , below, displays such a curve for particulate matter, (IIASA, 200x) . According to our optimality rule (equations 33 and 34, in the annex), for a point selected on such a curve, there is an optimal level of taxation to discourage both trips in general and the choice of car trips rather than bus trips. For such a combination of optimal emission standards, and taxes on car trips and bus trips to manage pollution and congestion, it is the case that the options consumers have to reduce emissions and congestion are optimally exploited: they could not be happier.
The simplifications involved are of course important. A model with a representative consumer ignores differences between consumers, between cars, etc. A a model with two modes, it conveys some important insights even on 'what about motor cycles', but strictly speaking it says little about a city's transportation system except in general terms that congestion and pollution should be managed in coordination, rather than separately. As a static model, it conveys results about the value of road space and how to use it, but is says little about road construction or about east and west, except that both charging and construction is more important where traffic stands than where it flows. As an a-temporal model, and in particular as it uses simple instruments like gasoline taxes in its discussion, the model speaks only abstractly about the time-of-day phenomenon of congestion.
Source: IIASA
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A relatively simple policy measure is to use a corrective tax (i.e. motivated by externality correction) imposed on gasoline. The merit of this policy is straight forward. It has little administrative difficulty in implementation, as the same rate is imposed on all vehicles using the same type of gasoline. However, its disadvantage is its advantage. In other words, a good policy instrument is the tax that internalizes the externality imposed by each agents and the uniform tax imposes the same charge regardless of the contributions for the externality. While in reality a congested city could choose time-of-day variation (as in London), as long as gasoline taxes are used, they should be based on a weighted average of consumers 19 18 IIASA's Rains MODEL 19 In addition to Sandmo (1976) and Wijkander (1985) , Diamond (1973) and Greenwald and Stieglitz (1986) examine how corrective taxes deal with heterogeneity in externality generation.
. For example if gasoline taxes are used and gasoline is used both during rush hour and outside rush hours, then taxation should apart from the relative quantities take into account differences in price sensitivity. If the most congestive use is least price sensitive, then this would reduce the way the gasoline tax takes account of congestion.
Suppose a gasoline tax is imposed on vehicles using an often congested road and one would like to see the effect on congestion, say measured in terms of time delay, and pollution, say measured in terms of PM and CO 2 released to the atmosphere. Let us first see the effect on congestion, and then the effect on pollution. 
PM10 Abated

MAC
An immediate consequence of a gasoline tax is to raise the unit cost of trips since taxes are additive to producers' price of trip, as reflected in the bus fare or in the car's gasoline cost. An increase in the unit cost of trips reduces bus and car trips consumed, thereby also reducing time delay. Thus, while the gasoline cost is a modest share of the trip's unit cost compared with the time cost, a secondary effect of the gasoline tax increase is the reduction in the time cost spent traveling. However, the effect does not stop here. It has frequently been observed that whenever a policy is enacted to reduce traffic volume and delay in traffic, then traffic decreases initially but then rises again. Additional individuals who initially opted not to join the traffic responds to less delay with new trips and reduce the impact of the policy on traffic. This effect, which is known as the rebound effect, quite generally reduces (or curtails) the intended effects of policies that reduce transportation costs. A fuel efficiency standard, for instance, also results in a rebound effect as people made to buy more efficient cars respond by traveling more. In some cases, the rebound effect might be large enough to almost nullify the expected impact, while in other cases it may turnout to be weak. The ultimate success of the policy rests on the size of various elasticity parameters. Importantly, however, if one believes time spent is important, then congestion in itself limits traffic, and congestion reduction alone (as with road expansion) causes more traffic. As importantly, however, the additional mobility, even if in the limit speeds are unimproved, is of value to consumers, producers and the city. Also, if congestion management tools are used, then not only is congestion managed but so is the rebound effect.
Referring to the model development in the annex, travel time is a function of total traffic volume, ε Equation (4.1) states that the over all effect of a tax on congestion is the sum of the separate effects of car trips and bus trips (see annex) on congestion. The above formula takes into account the famous rebound effect. When the respective denominators of equation (4.1) are one, there is no rebound effect and the total effect of the tax is the direct effect of the tax. But, time delay responds positively for traffic volume and the volume of traffic responds negatively to the unit cost of trip and the denominator is greater than one and the direct effect is dampened by the rebound effect.
The overall effect is a function of various elasticities, final traffic time, and the final unit costs. The unit cost elasticity for bus trip and car trip are given by (4.2). Equations (4.2a) and (4.2b) suggest that the overall effect of a uniform tax on congestion is negative. In other words, the sign of ε d dt is negative which implies that a uniform tax on gasoline reduces congestion. The magnitude of reduction depends upon the magnitude of various elasticity parameters. In general, however, taxation and demand management yields a higher effect a) the higher is the substitutability between goods, b) the higher are the differences between goods in their externality generation. For our consumer, the elasticity parameter T σ describes the substitutability between car trips and bus trips. Since cars are both more polluting and congesting, this parameter describes ability of consumers to reduce externalities, in this case in response to taxation that is heavier on car trips than on bus trips.
What about the impact on emissions? Taking emission factors as exogenous, which is likely in the short run, taking the total differential of emissions with respect to a uniform tax provides the overall effect of taxes. Again the respective denominators of (4.3) reflect the rebound effect on emissions due to the induced demand for travel. Since emission is increasing in total traffic volume and total traffic volume is decreasing in unit costs, the net effect of uniform taxation on emissions is negative. Once again, the magnitude of the effect depends up on the size of the different elasticity values, final emission, and unit costs.
It is of interest now to examine the quantitative implication of the model. Especially, we want to understand how demand management instruments affect congestion and air pollution together. Given the large number of agents in the transportation sector, applying Pigouvian fee could be very costly due to cost of monitoring. However, presumptive taxes applied for instance to fuels could be easier solution. For example, tax on gasoline reduces the demand for car use. Taxes on bus use, similarly, could be implemented either through diesel taxes or in other ways, depending on whether also other parts of the transportation system (like trucks) are targeted. Hence, we experiment with the quantitative implications for trip demand by imposing different taxes on 'car use' and 'bus use' without going in detail about how this is being implemented. In reality, when congestion and demand management are important objectives, a city administrator would ask for opportunities to differentiate policy instruments both geographically and by time. Still, due to their simplicity, fuel taxes (and bus taxes or subsidies) would play an important role and perhaps a dominant role in many city circumstances.
To proceed with quantitative analysis, we need to have the values for three different set of parameters. The first set of parameters we need is the set of elasticity of substitution at different nests of the utility function. To the best of our knowledge, the literature in transport economics is silent about the elasticity of substitution between car and bus trips in general and specifically for Bangkok. For instance Gibbons and O'Mahony (2000) use two elasticities of substitution between public and private travel (1 and 2) while Berg (2007) uses the elasticity of substitution between leisure and other consumption 0.6, 1.1, and 1.6 for sensitivity analysis. None of the above models is based on estimated values. Hence, we use the elasticity of substitution between leisure and consumption value of 1. This value suggests that the utility function has a property of Cobb Douglas function. Practically speaking, an elasticity of substitution equal to one implies a price elasticity of one, meaning that demand for the good that increases in price contracts in such a way that 'its budget' remains constant, so that other consumption can remain unchanged. We also as our central value use an elasticity of substitution in the upper nest of the utility function of 1. Thus, if transport becomes more expensive, transport consumption contracts enough that other consumption can be retained unchanged. On the other hand, the elasticity of substitution between bus trip and car trip is two. This is intended to reflect that bus trips and car trips are more substitutable than are other pairs of goods in our model. Importantly, since 'out of pocket' costs (gasoline, bus tickets) are only a fraction of the unit costs for each mode (which includes the time costs, too), bus taxes and car taxes of 100 percent, say, makes more modest unit cost changes, and this reduces the demand responsiveness to taxes.
We want to understand the impact of changes in taxes on the overall traffic volume, congestion, and emission of PM10 and CO2 20 In the following we experiment with the consequences of taxing gasoline and diesel on carbon dioxide and PM10 emissions, and congestion. Since the cost of trip is composed of producer's price, taxes, and cost of time, taxing gasoline or diesel alone does not change the cost of trip equally much. This is the case, since in congested cities like Bangkok, whose average speed is 15km/hr, the major portion of the cost of trip is accounted by the cost of time. In the present calculations, we measured time costs in terms of forgone wage . Our ultimate interest is related to reduction of congestion and air pollution. One way to measure congestion is to take the amount of time it takes to cover a given distance. Another, equally valuable way is to take the average speed. We use time spent on a distance of the average trip to measure congestion. Cars emit more pollution on a per passenger basis, and entail more congestion on a per passenger basis.
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These results (and inputs) are is not in general accordance with the belief among many that transport is very inelastic and little progress can be made with demand management tools. This is an important discussion, but we believe it is important also to keep in mind that urban management decisions relate to the long term (in the extreme, see figure 1 , for a reminder), and demand elasticities are greater if informed by long term demand studies than by (the more frequent) short term demand studies .
The figure below simulates the change in congestion under alternative combinations of gasoline and diesel taxes. As can be seen from the figure, large reduction in congestion can be attained by taxing car trips than bus trips. This is basically due to the fact that is car is less congestive than bus per vehicle km bases while it is more congestive per passenger km basis compared to bus. Even, more reduction can be attained by taxing both trips since such a tax results in additional reductions of aggregate trips. is a substantial substitution opportunity between different modes. Certainly, people can substitute between car trips and bus trips, even if there is little substitution possibility between consumption of other goods and transport. This inter modal substitution possibility suggests that it is effectively possible to significantly reduce congestion in Bangkok by discouraging modes of transport that result in more congestion and more pollution.
Figure7: Simulating the Impact of Alternative Tax Combinations on Congestion
Another important externality from transport is air pollution and contribution to global warming. Diesel and gasoline combustion contributes with emissions of fine particulates that have important health consequences. On the one hand combustion of diesel contributes more than gasoline per liter to the emission of PM10. Thus alternative combinations of taxes on gasoline and diesel have wider consequences on PM10 emissions. The simulation in the figure below indicates that taxing both car and bus trips reduces PM10 emissions the most. The other emission in focus is Carbon dioxide. Although carbon dioxide does not result in air pollution in itself it is an important externality of transport through global warming. Unlike the impact on congestion and emission of particulate matters, sharper reductions in carbon dioxide emission is obtained when no tax is imposed on bus trips while the largest possible tax is imposed on car trips. This outcome is basically a consequence of variations in the per passenger emission factors of bus trip and car trip for a given distance. Emission tests (Diesel, 2007) indicate that a passenger car trips per km results in emission of 169 grams while bus rests in emission of 35 grams of carbon dioxide. So for a given trip demand, more reduction can be attained by shifting from car to bus trips and instruments that facilitate or enforce that shift have better capacity to reduce the emission of carbon dioxide.
Comparing the results for the three externalities displayed, they all reflect that travel causes negative externalities, and the car more so of the two. For congestion, Pm10 and CO2, the bus is less externality generating than the car on a per passenger mile basis. For CO2, the bus is dramatically 'better' than the car, so the additional taxation of buses reduces the gains in terms of CO2. For the two others, the externality is either unaffected by the additional taxation of buses (congestion) or the externality reduction is enhanced by including bus taxation (PM10).
For sensitivity analysis, the results described above hold more or less the same, although there are some changes in size of reductions, when the elasticity of substitution between bus and car increased to two. The table below reports the result of the sensitivity analysis. Tax   1,00 ,50 ,00
Bus Trip
Change in CO2 0,10 0,00
Car Trip Tax 2,00 1,00 ,50 ,00 
Conclusion
The described model of urban transport was developed to shed new insights on the problem of urban transport management and pollution in Bangkok. The comment given to a decision making tool for emission reductions (Diesel) was that it was impressive and well developed, but that one additionally should ask whether the transportation system could provide emission reductions while also increasing mobility.
The model developed allows congestion to be an externality from transport, greater when trips go by car than by bus. Also, it allows consumers to reduce transport or to substitute car trips for bus trips at a cost. The result is, as one might expect, that emission reductions from transport demand management come easily if there is elasticity in demand. But we were surprised to find that demand management -apart from the obvious welfare gains to reduced time wasted in congestion -is important for pollution reductions in several other ways.
First, buses pollute less per vehicle mile when travelling faster, for instance by 30% if raising speeds by 40% from 15km/hr to 25. Secondly, the emission reductions from raising bus quality (say, from Euro 1 to Euro 2) are greater at higher average speeds. Thirdly, since any bus -and a high quality bus -can do more work at high speeds than at low speeds, the same emission reductions can at higher speeds be provided by fewer buses (and by fewer highquality buses), reducing the costs of emission reductions.
These effects come in addition to those emission reduction benefits of congestion and demand management that are proportional to the shifting of demand from cars to buses, and to reductions in total travel.
According to the available data, buses in Bangkok are on average contributing less per passenger kilometer than cars to externalities such as local air pollution, congestion and greenhouse gas emissions. Thus, one should not be surprised that travel demand management can be a useful well to draw from when managing these externalities. Demand management and congestion management has its costs, and should not be dealt with carelessly. But it seems warranted to look carefully into such aspects of the transportation system as mobility, air quality, and out of pocket costs for consumers. Not doing so, one risks spending much resources on vehicles moving slowly. That is costly, even measured narrowly in terms of air quality gains. 
APPENDIX-4: The details of the quantitative model
Representative Agent
In this section, we consider the problem that the representative agent faces and the demand functions that its optimization results in. First we drive results using general preference structure and then specify it using CES utility function so as to obtain closed form demand functions. Neither the results nor the optimal policy values are dependent on the closed form specification. In the next section, we consider the problem that the social planner faces and concomitant differences in demand. Finally, we will investigate the optimal policy variables that minimize the welfare loss from pollution and congestion.
Suppose the representative agent has a utility function that satisfies the usual regularity conditions of concavity, continuity, and twice differentiability. Let, the utility function is given by a continuous mapping
By denoting a set of consumption of products other than travel, leisure, and bus (car) trip for a given vehicle distance byY , l and B X ( C X ) respectively, and the utility function that describes the preference set of the agent is expressed by (1)
. We assume that utility is increasing in products ( ), leisure ) where the subscripts indicate that the derivative is taken with respect to the first, the second, the third, and the fourth argument respectively. In addition to producer prices and taxes, final prices include the cost of time used for a trip. Naturally, congestion increases the total time to cover a given distance or decreases the speed to cover a given unit of distance. The time used is a function, 
, and
The budget constraint of the consumer with regard to travel is given by the sum of expenditures on consumption of leisure, products, and the quantity of trip of a given vehicle distance consumed by bus, the quantity of trip of a given vehicle distance consumed by car, and the amount of income the agent scarifies due to time delay caused by congestion less or equal to the amount of endowment income
. Without loss of generality, we assume that
. Tax is assumed to be non-distortionary and composite good other than travel ) (Y is the numéraire.
24 See for instance, Linkens (1975) for references. 25 Mohring (1972) The assumption 
, which is given by ) , , , (
The first order conditions that satisfy the value function above, with the shadow price of income λ , are given by the following equations.
(4) λ = (.,.,.,.)
Y U
The demand for goods other than travel satisfies (4). According to (4), the marginal utility of goods other than travel is equal to the shadow price of income since goods other than travel are the numéraire in this model.
The optimal leisure satisfies (5), according to which the marginal utility of leisure is equal to l P λ units of goods other than travel. The representative agent maximizes utility subject to a given mode of trip taking the traffic density as it is. Thus, we have (6) and (7) 
. At optimum, the utility of 1$ spent on bus (car) trip is exactly equal to the shadow price of income as the standard demand.
The marginal rate of substitution between trip and products is obtained using the FOCs and are given by the equations below. The marginal rate of substitution between bus trip and the other products is proportional to the sum of price of fare, tax per unit of trip, opportunity cost of time, and the cost of technical standard imposed per unit of each trip.
Taking (7) and (4), the marginal rate of substitution between car trip and set of other products is the sum of far price, tax, technical standard, and the opportunity cost of time due to travel.
(9)
Both (8) and (9) show that when traffic tax and/or technical standard per unit of trip for a given mode increase, the representative agent substitutes trip by other products.
We analyze the closed form problem of the representative agent by dividing it into two distinct stages for analytical simplicity. In the first stage, we analyze how the agent divides its total endowment income among products, leisure, and travel. Once, the optimal division is investigated, in the next stage we look into the demand for products and leisure given the income determined in the first stage and then we investigate the optimal choice of modes of travel and the resulting social welfare in the absence of any external intervention. This approach has sizeable analytic utility by allowing us to have different elasticity of substitution between modal trip choice, leisure -products choices, and travel and composite good. Since it is only the demand for travel that generates externality, the decision of the agent concerning leisure and other goods is the same with the planner.
Optimal allocation of income between products and leisure on the one hand and travel on the other hand requires the representative agent to maximize its composite utility for a given income. We assume there is one unit of time that is available for leisure, work, and travel.
( )
Where ψ is utility from consumption of products and leisure while T is a composite good called travel. We specify the composite utility as CES in the optimal ψ andT for a given scaling constant U A as follows. A rational agent allocates its income between the two components of the composite utility function. Since the relative prices are positive, the denominator of the above equation is greater than one. Intuitively, the agent spends a constant fraction of her income for products and leisure given relative prices are constant. For given prices of utility for trip, and goods and leisure, and the elasticity of substitution between travel and products & leisure, the amount of income allocated to travel and products are constant. The corresponding income for travel consumption is given below. As is expected the sum of the two incomes provides the total income of the agent which is in turn given. (12) and (13) provide the optimal allocation of income endowment between travel, and products and leisure. Once the relative income is determined, the agent maximizes its utility for products and travel given the income determined above. Given the allocation of income between the two entries of the composite utility function, we can determine the demand functions for consumption of products, for leisure and travel endogenously. The agent's demand function for goods and leisure is again determined following the behaviour of rational agent. Among other things, it has a preference relation for consumption of goods and leisure which can be represented by continuous, twice differentiable, strictly concave utility functionψ . We assume that ψ to be
. The function ψ is assumed to be CES in consumption of good Y and leisure l with elasticity of substitution ψ σ and a scaling constant ψ A . The agent chooses a consumption plan that provides it the maximum of ψ subject to the budget constraint. Its budget set specifies the feasible expenditure it can spend on goods and leisure given fixed income. The price of leisure is the amount of wage the agent scarifies so as to enjoy one unit of leisure.
Given the assumption of strictly increasing utility function with respect to consumption and leisure, the inequality in (15) becomes binding at the optimal solution. The quantities of consumption and leisure that maximize utility subject to the budget constraint are given by the following equation. Like the standard demand function, the demand for leisure is decreasing in its price. Depending on the value of the elasticity of substitution, consumption of products could be substitute or compliment to leisure. Moreover, the demand for leisure is increasing in income as leisure is normal good in this model. The income elasticity of leisure decreases in the price of leisure and the elasticity of substitution between leisure and consumption of other products.
The demand for goods other than travel that maximize ψ is given by the equation below. The Marshallian demand for goods is the standard one in the literature. As it is stated earlier, depending on the elasticity of substitution between leisure and consumption of other products, consumption of goods can be substitute or complimentary to leisure. The demand for Y is increasing in income. The relationship between the demand for Y and the price of leisure depends on the elasticity of substitution ofψ leisure and other products.
Thus, concave objective function with a convex constraint is sufficient for the existence of the value function. Formally 2 ( , ) :
The value function is increasing in income and the sign of its response price of leisure depends up on the elasticity of substitution.
The next point to investigate is the demand for trip. Since the demand for bus trip and car trip involves pollution and congestion, we consider externality problem as viewed by the representative agent. Although both congestion and pollution are negative externalities, there is sufficient difference between the two. In the case of congestion, the representative agent considers the effect of others on congestion but makes its travel decision while ignoring its own effect on congestion. On the other hand, in case of pollution the representative agent considers neither its effect nor the effect of others while making travel decision. We, thus, first we analyze congestion and incorporate pollution into the picture by the planner. The composite product, we call travel, is assumed to depend on the amount of trip consumed by bus and the amount of trip consumed by car. We assume that bus trip and car trip are substitute to each other. Hence, the travel technology T is specified, where B X represents the quantity of trip of a given vehicle distance consumed by bus and C X represents the quantity of trip of a given vehicle distance consumed by car, in (19). We assume that
The optimal travel is attained when the agent maximizes the value of travel given its budget constraint of
. The Lagrangian with the shadow price ( λ ) of income reserved for travel, after assuming very large number of consumers, is given by
The first order conditions that maximize the concave Lagrangian function are sufficient. The unique optimal demand for bus trip and car trip are obtained from the set of first order conditions. Using (19), the budget constraint and the relative prices, the optimal demand for bus trip and car trip as a function of prices, income reserved for travel, and the elasticity of substitution in travel are given by (20) and (21). The demand function clearly reflects the effect of time delay due to congestion, taxes per unit of bus trip, the elasticity of substitution between car and bus trip, and the trip fares along income. Thus, demand for bus trip is decreasing in bus fare, the time it takes to reach a given destination, opportunity cost of travel, and the elasticity of substitution between car and bus trips. Since car trip and bus trip are substitutes, demand for bus is increasing in car fare per given distance, tax per unit of car trip and time it takes for car to reach a given destination. The demand for car trip is also a function of effective price of bus, effective price of car, elasticity of trip substitution between car and bus and income available for travel. Demand for car trip is increasing in effective price of bus trip and income and decreasing in effective price of car and the elasticity of trip substitution between car and bus trip. More congestion reduces the demand for trip.
The value of travel utility the representative agent obtains given the income allocated to travel, effective prices, and elasticity of substitution of travel is given by equation below.
As can be seen easily, the value function is increasing in income allocated for travel which is in turn determined by the relative price of trip and other products and their elasticity of substitution. The value function defines the welfare of the representative agent once it has taken her decision rationally given fixed endowment of income, elasticity of substitution and prices. The total welfare of the agent when it faces no regulation is given by CES combinations of The welfare of the representative agent is a nested CES function. It depends on elasticity of substitution, effective prices, and coefficients of absolute substitutions. It is increasing in income and the effects of prices depend on the elasticity of substitution of the composite utility function.
The Social Planner
The problem in this section tries to take in to account the problem of externality namely congestion and pollution, which is associated with consumption of trip but ignored by the representative agent due to lack market mechanism for externality. The planer takes the preference relation of representative agent given and considers the effect of externalities in to account. The degree of traffic congestion depends up on the number of trips as before. But, the planner takes in to account the effect that the representative agent fails to consider, namely its own effect on the rest of the other travellers. Since by assumption leisure and consumption of other goods and services do not involve externality, the analysis for demand of products and leisure is the same with that of the representative agent. However, the consumption of travel involves externality of congestion and pollution.
The quantity of pollution depends up on the level of technical standard or abatement effort, a exerted. Let the emission released by single consumer for a given trip and abatement effort is ( , ) i i i j e X a where { } C B j , ∈ depending on the mode of transport used. The total pollution is the weighted sum of total pollution emitted by car trip consumers and bus trip consumers for a given distance and abatement standard. Following Eskeland, Jimenez, and Liu (1998) , we specify the pollution equation as follows. (24) 1 ( , , , ) ( The social planner maximizes utility subject to emission constraint and the budget constraint through which takes in to account the effect of all congestion inducing agents. Since we have 
Since the planner's utility function is increasing in the first two arguments, the inequality can be replaced with equality. The first order conditions are given below.
(26) P Y U λ = (.,.,.,.)
As for the representative agent, the planner's marginal utility of composite goods is equal to the shadow price of the budget constraint. The marginal utility of $1 unit of leisure is again equal to the shadow price.
(27) l P l P U λ = (.,.,.,.)
When choosing the amount of trip by bus (car), the planner takes into account, unlike the representative agent, the effect of each entrants into the road to the rest of the drivers as well as the emission of each driver to the ecosystem and hence, we have (28), and (29). (28) ) ( )) , ( ) , ( ( ) (.,.,.,.,. The social marginal rate of substitution between bus trip and other goods is greater than the private marginal rate of substitution, at zero tax, indicating that the planner prefers lower amount of bus trip at equilibrium. In (31), this can be seen from the fact that emission is decreasing in abatement and utility is decreasing in pollution.
Like the bus trip, the social marginal rate of substitution between car trip and products is proportional to the sum of fare price, opportunity cost of time, the abatement cost per unit of trip, and net value of marginal disutility of pollution. Equation (32) also shows that the planner chooses lower car trip at optimum than the representative agent. Comparing (8) with (31) and (9) with (32), it can be noted that there is difference between the social marginal rate of substitution and private marginal rate of substitution. Specifically, the market tends to over supply travel in the absence of any intervention.
Optimal Policy
The fact that the social marginal rate of substitution is different from the market marginal rate of substitution implies the need for an optimal policy to internalize externalities due to congestion and pollution.
In the case of congestion externality, each bus (car) trip induces an opportunity cost of Moreover, each unit of trip consumed also induces pollution that creates disutility to the rest of agents. On the other hand, the amount of enforced abatement measure reduces the effect of pollution. Hence, there is also an equally important need for emission tax that amounts to the ratio of abatement cost per unit of trip to elasticity of emission to abetment for a unit of bus trip, In sum, the representative agent chooses trip levels that are higher compared to what is socially desirable. Such variation emanates from the fact that the consumption of some goods entails externality that the market can't handle. In this model, the externalities are congestion and pollution. In order to let the market reflect socially desirable outcomes, there is a need for individuals to internalize the externalities they generate. In case of congestion, demand management tax is good instrument in the short run. In the long run, policies directed at raising average speed for each trip which could be due to construction of new roads or adoptions of better technology seem promising. For the pollution externality, both abetment in the form of technical standard and demand management taxes can complimentarily be used. The efficient emission tax plays a significant role as it forces polluters internalize the externality they induce and does this with the lowest cost by fixing the marginal reduction of emission using abatement and tax equal.
